Physiologic hypertrophy of the athlete heart, compared to the heart of nonathletic controls, is characterized by an increase in the left ventricular (LV) chamber dimension, mass, and wall thickness. Comparisons of the diastolic function (DF) between athletes and controls have employed conventional echocardiographic transmitral flow (Doppler E-wave)-derived indexes such as the peak flow velocity and deceleration time (which are load-dependent) and obscure the mechanistic determinants (e.g., stiffness, relaxation, load) of E-wave. With a focus on stiffness and relaxation chamber properties, conventional kinematic model-derived and load-independent indexes of the DF were compared between athletes and controls in this study. Echocardiographic and magnetic resonance imaging (MRI) data from 22 master athletes (whose sport was canoeing) and 21 sedentary controls were analyzed (1290 Doppler E-waves; 702 from athletes and 588 from the controls; on average, there were 30 pieces of data per subject). The LV mass and chamber size were determined from the MRI data. Quantitative DF assessment utilized an established kinematic model of filling that used the digitized Doppler E-wave contour as the input and characterized the DF on the basis of the chamber stiffness (k), relaxation/viscoelasticity (c), load (x o ). We observed significant chamber stiffness (k), load (x o ), and E-wave duration differences between the two groups. Concordant with the findings of previous studies, we also noted significant group differences in LV mass and dimension. These results indicated that physiological LV remodeling of the athlete heart at rest generates numerically quantifiable alterations in specific chamber properties. Assessment of the DF by using these methods during exercise will further elucidate the dynamic interplay between relaxation and stiffness as DF determinants.
Introduction
Athletes' hearts develop physiologic hypertrophy through intensive training, and manifests as an increase in cardiac mass, chamber enlargement, and wall thickening.
1e4 Cardiac hypertrophy can be pathologic or physiologic. Pathologic hypertrophy results from chronic pressure or volume overload due to disease and it is associated with cardiac dysfunction and an increased risk of heart failure. 5, 6 By contrast, physiologic hypertrophy is a normal response to exercise, pregnancy, and sometimes normal growth and is associated with normal or enhanced cardiac function. 7, 8 The effect of hypertrophy on cardiac function is typically evaluated non-invasively via Doppler echocardiography and magnetic resonance imaging (MRI). Using these techniques shows that, compared to normal sedentary subjects, athletes have enhanced left ventricular (LV) filling or diastolic function (DF) during exercise. 9, 10 The most commonly reported echocardiographic DF index is the E/A ratio, which is the ratio of the peak early transmitral flow (Doppler E-wave) to the peak late atrial filling (Doppler A-wave). Other indexes include the peak E-wave velocity (E peak ) and the deceleration time of the E-wave (DT). 11 However, the various echocardiographic indexes have led to inconsistent conclusions regarding the LV DF at rest. Conventional E-wave parameters moreover are load-dependent and have not been derived from basic physiologic principles that govern filling.
12e17 Indexes such as the E/A ratio are generated by the complex interplay of simultaneous physiologic determinants governed by chamber properties. In particular, the E-wave DT has been shown to explicitly depend on stiffness and relaxation/viscoelasticity. 18 Thus, to overcome the limitation associated with the nonspecificity of conventional indexes, it is advantageous to quantify the DF by using a model of filling that is derived in accordance with the mechanical suction-pump attribute of the LV. We accordingly assessed the DF by using the parametrized diastolic filling (PDF) formalism 19 (Appendix 1). The PDF formalism has facilitated the prediction and validation of the load-independent index of diastolic function (LIIDF) in the form of the dimensionless parameter, M. 20 In this work, we hypothesized that the LV chamber properties in athletes are quantifiably different from chamber properties in nonathletic controls. The model-based analysis of echocardiographic data will help to elucidate and characterize the mechanistic changes in the athlete heart in comparison to the heart of nonathletic controls.
Methods

Subject selection
We analyzed data from 22 athletes and 21 healthy controls. All athletes were involved in an endurance sport (primarily canoeing). The controls were healthy individuals who were university students or employees. None of the controls participated in competitive sports. All study participants were informed about the study, and gave written consent. The Medical Research Council Scientific and Ethical Committee at the Semmelweis University (Budapest, Hungary) granted approval for the study.
Echocardiographic data acquisition
All subjects received a complete two-dimensional (2D) Doppler echocardiographic examination in accordance with the American Society of Echocardiography (ASE) criteria with a standard clinical imaging system (Philips iE33, Philips Healthcare, Andover, MA, USA). 21 Subjects were imaged in the supine position. The wall filter was set at 125 Hz. Twodimensional images in the apical two-chamber and fourchamber views were obtained. Pulsed Doppler was utilized in the apical four-chamber view for transmitral Doppler with a 4-mm sample volume located at the leaflet tips and with subjects in the left lateral decubitus position. To generate physiologic load variation during E-wave recording, a standardized method of passive leg elevation in the recumbent position was used with 0 , 45 , and 90 foam wedges.
MRI image acquisition
An MRI examination (Philips Achieva 1.5 T Dual Nova HP R2.6.3p7, Eindhoven, Netherlands) was performed to obtain the LV properties. Breath-hold at end-expiration was required for each image acquisition to eliminate respiratory motion artifacts. After obtaining scout images, steady-state free-precession breath-hold cine images were acquired in the fourchamber, in the three-chamber, and in the two-chamber longaxis planes and in sequential 8-mm short-axis slices (flip angle, 60
; gap, 0 mm) from the atrioventricular ring to the apex. The height and weight of each person provided the body surface area (BSA) via the Mosteller formula. 22 
MRI data analysis
Values for the LV end-diastolic volume (LVEDV), LV endsystolic volume (LVESV), LV stroke volume (LVSV), LV mass, and their normalized values to the BSA were obtained from the MRI dataset. The LV average (maximum) wall thickness (LVWT) and LV ejection fraction (LVEF) were also determined by using standard methods. The left ventricular volume, ejection fraction, and mass were quantified by using manual planimetry of the end-diastolic and end-systolic shortaxis balanced steady-state free precession (bSSFP) cine images with QMASS 7.1 analysis software (Magnetic Resonance Analytical Software System, Medis Medical Imaging Software, Leiden, the Netherlands). Table 1 lists the parameters.
Echo data analysis
The E-waves (702 from 22 athletes and 588 from 21 controls) were analyzed conventionally by approximating their shapes as triangles and also via PDF formalism. To ensure consistency in the analysis, only beats with clear contours were selected. The selected beats were digitized and cropped by using a custom MATLAB software program (MathWorks, Natick, MA, USA). E-wave indexes such as the E peak , E-wave acceleration time (AT), DT, peak A-wave velocity, E/A ratio, and heart rate were computed by approximating the E-wave as a triangle. To determine the PDF parameters, the waves were analyzed by using model-based image processing (MBIP), as previously described 23 (Appendix 1). In brief, the process uses the digitized E-wave image to determine the maximum velocity envelope, and then performs an automated fit by using the Levenberg-Marquardt algorithm. The method produces a measure of goodness of fit and an explicit measurement of error. It generates three mathematically unique PDF parameters (x o , c, and k) for each analyzed E-wave ( Fig. 1 ). Also computed are the peak atrioventricular (AV) pressure gradient (kx o ), the maximum resistive force opposing filling (cE peak ), and the stored elastic strain energy preceding valve opening ð1=2kx
Calculation of load-independent index of filling (M )
We have previously derived and clinically validated the load-independent index of filling (M ). 20 The LIIDF is defined as the ratio of the peak driving force (kx o ) to the peak resistive force (cE peak ). The LIIDF accordingly is calculated as the slope of the least-squares linear regression for kx o vs. cE peak plots for E-waves recorded at variable loads.
Statistical analysis
The conventional echocardiographic and PDF parameters were averaged for all E-waves of each subject. The mean values for each subject were used to calculate the group averages (Table  2 ) and to evaluate any statistical significance. Table 1 reports the MRI data, which were also averaged for each group. The Student t test (i.e., the two-sample unequal variance, Welch t test) was used to determine if the difference in parameter values between the groups was significant (using p < 0.05 as the criterion).
Results
Athlete and control group characteristics
Data from 43 study participants (22 athletes and 21 agematched controls) were analyzed. Table 1 provides the clinical descriptors of the entire cohort. The athlete group included 20 men and the control group included 19 men. All the athletes participated in endurance training (canoeing)d17 of the 22 were elite athletes and the remaining 5 were master athletes. Among the elite athletes, 11 were members of the Hungarian national team, two were Olympic athletes, and three were world champions. The control group consisted of young healthy subjects who were university students or university employeesdnone of whom participated in competitive sports. The two groups did not differ significantly in age, height, weight, or BSA. The resting heart rates were significantly lower in the athletes (57 AE 11 beats per minute) versus the controls (67 AE 9 beats per minute) ( p ¼ 0.002). The diastolic blood pressure was not significantly different, whereas the systolic blood pressure was significantly lower in athletes (75 AE 14 mm Hg) than in the controls (85 AE 10 mm Hg) ( p ¼ 0.012).
The LV chamber dimensions and mass were determined from the MRI data. There was a significant increase in chamber dimensions and their values normalized to the BSA for the athlete group, indicating the expected presence of physiologic hypertrophy (Table 1 ). The LVEDV was 227 mL in athletes, compared to 192 mL in the controls. The LVESV was 93 mL in athletes, compared to 79 mL in the controls. Thus, the LVSV was 135 mL in athletes vs. 115 mL in the controls. The LV mass was also greater in athletes (179 AE 53 g) than in the controls (132 AE 20 g).
Diastolic function assessment from transmitral flow: conventional and PDF parameters Table 2 shows the conventional Doppler echocardiographic and PDF parameters. We observed a small, insignificant Fig. 1 . Sequence of the operational steps for computing the PDF parameters from clinical echocardiographic E-wave contours (the green dots denote MVE used as input to the model). The PDF model output consists of the mathematically unique parameters that specify each E-wave (i.e., c, k, x o ). The PDF model predicted fit is represented by the green contour. MVE ¼ maximum velocity envelope, MSE ¼ mean square error. See text for details.
increase in the E peak in athletes (83 cm/s) versus the controls (78 cm/s) ( p ¼ 0.27). A significant difference in the E-wave AT and DT existed between the groups for AT (96 AE 11 ms for controls vs. 111 AE 16 ms for athletes) ( p ¼ 0.001) and for DT (183 AE 24 ms controls vs. 221 AE 31 ms for athletes) ( p < 0.001). Hence, the E-wave duration was significantly longer in athletes than in controls. We found no significant change in the E/A ratio, which is in agreement with past studies. 2, 12, 13 The PDF parameter-based comparison revealed a significant increase in preload (x o ) in athletes, compared to the controls (11.8 AE 2.4 cm vs. 9.3 AE 1.4 cm, respectively), and a significant decrease in stiffness (k) in athletes, compared to the controls (187 AE 43 g/s 2 vs. 235 AE 31 g/s 2 , respectively). The relaxation/viscoelasticity parameter (c) was the same in both groups. Among the derived PDF parameters, 1=2kx 2 o (i.e., the initial recoil energy) was slightly increased in athletes, compared to the controls (1.4 AE 0.7 mJ vs. 1.1 AE 0.4 mJ, respectively) ( p ¼ 0.07). We observed no significant difference between the two groups in the LIIDF M. There was also no change in the peak recoil force (kx o ), peak resistive force (cE peak ), or cardiac output.
Discussion
Exercise induces LV hypertrophy in competitive athletes. This physiologic hypertrophy is in response to the additional volume-pump/pressure-pump load to which the LV is subjected during exercise. In this study, we examined the differences in the DF at rest in athletes and controls by using conventional Doppler-derived indexes and a previously validated kinematic model (i.e., PDF formalism) of the DF. We used MRI to determine the LV mass and chamber size. Conventional filling parameters such as E peak , E/A ratio, AT, and DT were determined from Doppler E-waves. An analysis of Ewaves via PDF formalism provided the chamber stiffness, viscoelasticity/relaxation, preload parameters, and the LIIDF. 19, 20 In concordance with previous studies, we found that the LV chamber dimensions and mass were significantly higher in athletes. The resting HR was lower and the E-wave duration was greater in athletes than in the controls. The cardiac output (i.e., the product of the HR and the LVSV) was similar at rest in both groups. The PDF-derived kinematic parameters showed that the chamber stiffness was lower and the volumetric preload was higher in athletes.
Previous studies
Henschen 24 was the first researcher to note that athletes' hearts are capable of doing more work than normal hearts. Athletes' hearts have also been studied by using different techniques, and significant structural differences have been observed. The remodeling is reversible. The LV returns to its normal size when the need for a higher output and workload are diminished. Using conventional Doppler-derived indexes, previous studies have shown that the DF is enhanced during exercise in athletes. However, some DF studies that attempted to distinguish between athletes vs. normal groups at rest were inconclusive.
2,12,13
The PDF formalism
The parametrized diastolic filling formalism is a causal mechanistic model of DF. To incorporate the suction-pump physiology of the chamber, filling is modeled in analogy to the motion of a recoiling damped harmonic oscillator. Hence, the DF is characterized by three parameters: (1) the chamber stiffness, k; (2) the chamber viscoelasticity/relaxation, c; and (3) the volumetric preload, x o . These parameters uniquely characterize each Doppler E-wave and characterize the chamber's physiologic attributes that determine DF. Conventional echo-derived parameters such as DT have been correlated with stiffness 25 ; however, the DT is explicitly determined by stiffness (k) and relaxation/viscoelasticity (c), rather than by stiffness alone. 18 Hence, the PDF analysis of the E-waves allows the DF to be characterized with specificity.
Comparison using conventional Doppler indexes
In concordance with previous studies, we found no statistical difference between the groups in the E peak and the E/A ratio. The AT and DT (hence, the duration of the E-wave) were both significantly higher in athletes. Coupled with the fact that the peak velocities were slightly higher in athletes, the E-wave velocity time integral (VTI) was significantly higher in athletes. At rest, athletes have lower resting heart rates, compared to controls (Table 1) ; however, the resting cardiac output is similar in both groups.
Physiologic interpretation of differences in Doppler indexes and PDF parameters
Canoeists were selected to study the effects of training on the DF because the most extreme changes in the LV chamber AT ¼ acceleration time; c ¼ relaxation/viscoelasticity; DT ¼ deceleration time; E/A ¼ ratio of the E-wave peak to the A-wave peak. E peak ¼ peak velocity of the E-wave; k ¼ chamber stiffness; kx o ¼ atrioventricular (AV) pressure gradient; LIIDF ¼ load-independent index of diastolic function, M; x o ¼ load.
size and LV wall thickness have been observed in the combination-type (i.e., strength-and-endurance) athletes with physiologic hypertrophy. 3 The Doppler echocardiographic DF index, the E/A ratio, moreover reportedly differentiates endurance-trained athletes from controls. However, it is not useful in differentiating resistance-trained athletes or combination-trained athletes from controls. To overcome this limitation, we used the PDF model to analyze transmitral Doppler echocardiographic waveforms to assess the DF, and thereby elucidate the differences between combination-trained athletes and controls. From the conventional indexes, we conclude that, although no difference exists in the E peak between the groups, the duration of E-wave in athletes is increased to offset the lower HR such that the cardiac output at rest is similar to controls. The DF at rest between groups is overall the same, based on data showing no change in M and the viscoelastic/relaxation parameter (c). The PDF parameter, x o , is linearly correlated with the E-wave VTI and, therefore the volumetric load. The increase in the average value of x o in the athlete group indicates that their hearts aspirate a greater volume with each E-wave, which is corroborated by the statistically higher E-wave VTI in athletes. The lower k value in the athlete group indicates lower resting chamber stiffness (DP/DV). 26 This indicates that, for the same change in volume (DV), the increase in the LV pressure is lower in athletes. The peak AV gradient, kx o , interestingly remained indistinguishable between the groups, as anticipated. 27 This shows that athletes' hearts are more efficient suction pumps at rest in the sense thatdby generating the same peak AV gradient as the controlsdthe athletes aspirate more blood with each beat. The increase in x o moreover increases the stored potential energy available to power the recoil process for each beat. During exercise, with an increase in the HR, athletes' hearts outperform normal hearts by pumping a larger volume of blood, but without a significant change in the AV pressure gradient. Thus, during exercise, athletes' hearts have adapted to providing a higher cardiac output without increasing filling pressures while maintaining a normal DF at rest.
We also compared our results with those of a study by Claessens et al 28 in which they characterized DF via the PDF formalism in 1606 older, nonathletic study participants (744 men and 862 women). We found that the HR, E peak , and PDF parameter x o were statistically indistinguishable between Claessens' study group and our controls. However, these parameters were significantly different when our athletes were compared to Claessens' group. This underscores the practical utility of PDF formalism in assessing DF and underscores the effect of training on the athlete's heart.
Limitations
Our study used data from athletes involved in the sport of canoeing, which requires combined strength and endurance training. The study therefore did not attempt to differentiate between strength athletes and endurance athletes. Our sample size is not sufficiently large to draw any conclusions on the effect of age on the groups or on the effect of any gender-dependent differences. We restricted our analysis to early rapid filling because 75e85% of the filling volume results from the E-wave in a youthful cohort (average age 27e30 years) such as the group studied in this paper and because assessing the suction-pump attribute of filling can be only achieved by analyzing the Ewave. This may be considered a limitation. However, it is mitigated by the large number of E-waves that were analyzed and by the method of analysis that elucidates the chamber attributes that are not deducible from conventional metrics such as DT.
The Morganroth hypothesis states that exercise-induced hypertrophy is sport-specific, and the issue of Morganroth overlap between physiological and pathological cardiomyopathies remains controversial. 29 In particular, endurance training leads to eccentric hypertrophy, whereas strength training leads to concentric hypertrophy. By contrast, pathologic hypertrophy can be genetic (i.e., familial) or a response to increased load (e.g., hypertension, aortic stenosis). This study did not examine these differences. However, the PDF formalism 19 is well suited for the characterization of the differences in DF between physiologic hypertrophy (i.e., eccentric vs. concentric hypertrophy), and for the comparison of all forms of physiologic hypertrophy with pathologic hypertrophy.
Conclusion
It is accepted that athletes' hearts exhibit LV hypertrophy, but previous DF studies of athletes at rest have been inconclusive. We used conventional methods and a previously validated kinematic model of DF to analyze E-waves in athletes vs. agematched normal controls. Our results confirm that, at rest, the conventional DF indexes (with the exception of the E-wave duration) are indistinguishable between athletes and controls. However, characterization of the heart chamber properties by using the kinematic model allowed us to quantify chamber property differences between the two groups. We found that, although the cardiac output at rest between the two groups are indistinguishable, athlete hearts are less stiff and aspirate a larger volume with each E-wave, compared to the hearts of the controls. The LIIDF M did not differentiate the groups. In concordance with previous studies, significant differences existed between the groups in the LV mass and LV chamber size. Determining the differences in stiffness, relaxation/viscoelasticity, load, and stored elastic energy was a novel capability. These results indicate that the physiologic remodeling of the LV in the athlete's heart at rest generates quantifiable alterations in chamber properties. Additional studies involving exercise are needed to fully characterize DF differences between these groups.
Appendix 1. The Parametrized Diastolic Filling Formalism
The parametrized diastolic filling (PDF) formalism characterizes suction-initiated transmitral flow, which is analogous to the motion (i.e., kinematics) of a damped, harmonic oscillator that recoils from rest. This method uses Newton's law of motion and predicts E-wave contours parametrized by LV stiffness, relaxation/viscoelasticity, and load. Filling, per unit mass, accordingly obeys Newton's second law of motion:
with c and k representing damping (i.e., viscosity/relaxation) and ventricular stiffness (i.e., spring constant), respectively. These parameters are determined directly from the clinical E-wave contour. Their physiologic interpretation has been extensively validated by using gold standard methods involving simultaneous micromanometric hemodynamics and echocardiography that causally relate chamber properties to the DF. The PDF formalism has explained multiple physiologic phenomena such as the generation of the third 30 and fourth heart sounds, 31 the constant-volume attribute of the four-chambered heart, 32 and the physiologic and clinical significance of mitral annular oscillations or longitudinal "ringing" of the ventricles in diastole. 33, 34 
